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Resumo: O presente estudo tem como objetivo avaliar a distribuicdo espacial e temporal da cobertura de nuvens no
Nordeste brasileiro, mensal e anualmente, a partir de 2000 a 2019, afim de determinar se ha um padréo espacial e
temporal na distribuicdo da cobertura de nuvens e se existe um padrdo entre a distribuicio de cobertura de nuvens em
relacdo a quantidade de chuva. Para isso, foram utilizadas imagens diérias adquiridas para o periodo analisado pelo
sensor MODIS, que incluem a garantia de qualidade (QA) desses dados quanto a cobertura de nuvens (pixel livre de
nuvens, com total cobertura de nuvens, ou com mistura de nuvens). Para fins comparativos, dados de QA dos sensores
OLI (Landsat-8) e MSI (Sentinel-2) para 2019 foram utilizados. Além disso, foram utilizados dados de chuva
adquiridos pelo satélite TRMM, considerando os biomas Amazonia, Mata Atlantica, Caatinga e Cerrado. Os resultados
possibilitaram conhecer a distribuicdo espacial e temporal de imagens livres de nuvens e aqueles com presenca de
nuvens. Na regido Nordeste, os biomas Amazonia e Mata Atlantica sdo fortemente afetados pela presenca de nuvens,
enguanto os biomas Caatinga e Cerrado sdo 0s menos afetados. Observagfes anuais ndo indicam clara evidéncia sobre
a reducéo na qualidade dos dados em anos mais chuvosos. Enquanto que as observagdes mensais indicam que, exceto
para a Mata Atlantica, nos meses mais chuvosos ha reducdo de ~50% de imagens livres de nuvens. Dessa maneira, 0s
meses mais favoraveis a aquisicdo de dados por sensores épticos sdo no periodo seco, mais especificamente entre
maio e outubro, principalmente no bioma Cerrado. Os resultados apontam a necessidade de aumento na
disponibilidade de imagens orbitais livres de nuvens na regido, sobretudo nos biomas Amaz6nia e Mata Atlantica,
visto que isso se torna um fator limitante para 0 mapeamento e monitoramento de uso e cobertura da terra dessa regido
principalmente quanto menor for a resolucdo temporal do sensor utilizado.

Palavras-chave: MODIS. Sentinel-2. Landsat-8. Precipitacdo. Biomas. Sensoriamento Remoto.

Abstract: The present study aims to assess the spatial and temporal distribution of cloud cover in Northeast region of
Brazil, monthly and annually, from 2000 to 2019, in order to determine if there is a spatial and temporal pattern in the
distribution of cloud cover and if there is a pattern between the distribution of cloud cover in relation to the amount
of rainfall. For this, daily images for the analyzed period by the MODIS sensor were used, which include the quality
assurance (QA) of the data produced (clear pixel, pixel with total cloud cover, or pixel mixed with clouds). For
comparative purposes, QA data from OLI (Landsat-8) and MSI (Sentinel-2) sensors for 2019 were used. Besides that,
rainfall data from TRMM satellite were used considering the Amazon, Atlantic Forest, Caatinga and Cerrado biomes.
The results made possible to know the spatial and temporal distribution of the cloud free images and those with
presence of cloud. In the Northeast region, the Amazon and Atlantic Forest biomes are strongly affected by the
presence of clouds, while the Caatinga and Cerrado biomes are less affected. Annual observations did not indicate
clear evidence about the reduction in the data quality in the wettest years. While monthly observations indicated that
in the wettest months there was a ~50% reduction of cloud free images. So, the most favorable months for data
acquisition by optical sensors are observed in the dry period, specifically between May and October, mainly in the
Cerrado biome. The results point to the need to increase the availability of temporal orbital images in the region,
especially in the Amazon and Atlantic Forest biomes, as it becomes a limiting factor for land use and land monitoring
in that region mainly to the lower temporal resolution of the used sensor.

Keywords: MODIS. Sentinel-2. Landsat-8. Precipitation. Biomes. Remote Sensing.
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1 INTRODUCTION

The Northeast region of Brazil (NEB) covers about 18% of the country and comprises the most
populous semiarid region in the world (MARENGO; CUNHA; ALVES, 2016). The region has been strongly
affected by environmental problems related to anthropic pressure, as land degradation, and extreme climate
events, being one of the world’s most vulnerable areas (SANTOS et al., 2011; MARENGO; CUNHA; ALVES,
2016; CONFALONIERE et al., 2014; CUNHA et al., 2018). Thus, in recent years there have been an increase
in research efforts to know the extent, intensity, and impacts of these factors in this region (da SILVA et al.,
2017; TOMASELLA et al., 2018; BRITO et al., 2018; MARIANO et al., 2018; BARBOSA et al., 2019; dos
SANTOS et al., 2020).

To achieve the goals mentioned above, many efforts require to know patterns, characteristics of land-
use and land-cover (LULC), also to quantify rates of changes in a large-scale temporal and spatial data of the
Earth’s surface (ASNER, 2000). In this manner, over the past decades remote sensing products have become
an important up-to-date source of Earth’s surface information due to the possibility of acquiring data over large
geographic extensions and cost-effective, also due to the long-term historical data, contributing for a huge
monitoring and mapping efforts (SANO et al., 2010; ZALLES et al., 2019). Such products have been allowing
a better understanding of ecological, biogeochemical, and atmospheric processes on global to local scales
(ASNER, 2000), and also providing support to decision-makers for planning and public policies.

Currently, there are several satellite-based products widely available with different spectral, temporal
and spatial resolutions, which have allowed the developing and increasing the number of monitoring and
mapping systems. In Brazil, for example, researches have been conducted on mapping LULC classes or
environmental disturbances at a national scale, e.g. the MapBiomas project (MAPBIOMAS, 2020) which
provides LULC maps; and the Fire Monitoring Program managed by INPE (National Institute for Space
Research) (INPE, 2018). Or even at a biome or regional scale, e.g. the INSA (National Institute for Semiarid)
which provides a spatial analysis of desertification in the Brazilian semiarid (INSA, 2020); also the DETER
(Warning system) (INPE, 2020), PRODES (Deforestation Monitoring by Satellite Project) (INPE, 2020), and
SOS Mata Atlantica (SOSMA, 2020) projects which were developed to detect deforestation and forest
degradation, and it covers parts of NEB.

However, when dealing with images generated from remote sensing, the radiation detected by the
sensor is resulted of the electromagnetic radiation interactions of multiple targets response, also the
atmospheric elements (SHIMABUKURO; SMITH, 1995). Cloud formation is an atmospheric element and, in
the remote sensing user’s community, cloud cover is defined as the fractional area covered by clouds observed
from satellites, characterized by higher reflectance (ACKERMAN et al., 1998; YOUSEF et al., 2020) and
commonly accompanied with corresponding shadow. Then the presence of cloud cover causes changes in
reflectance values, preventing the analysis and affecting the results (LU et al., 2007). In this sense, the absence
of clouds and shadows is crucial for most time series applications of optical data, being fundamental to know,
a priori, their spatial and temporal distribution (RUDORFF et al., 2010; CLAVERIE et al., 2018).

Particularly, most of the efforts that aims LULC mappings have used a combination of both medium
spatial resolution and relatively long re-visiting capability satellite data (e.g., Landsat satellite series) to be an
advantageous product in detecting LULC changes. However, as indicated by Asner (2001) in the Brazilian
Amazon basin and by Sano (2007) in the Brazilian Cerrado, monthly observation data could be highly
unavailable imposed by cloud cover. In this manner, to increase the availability of temporal images once
applications needed near-daily imagery at medium spatial resolution, monitoring or warning systems have
been conducted combining data provided by different sensors, e.g. CBERS (China — Brazil Earth Resources
Satellite) and IRS (Indian Remote Sensing) by DETER project, or CBERS and Landsat series by the SOS Mata
Atlantica project.

Although the significantly importance to stablish and achieve efforts to analyze, map and monitor
anthropogenic and climate effects in the NEB, few studies have addressed the estimates of cloud cover imagery
from optical satellite data in this region. In this context, the present study aims to assess the spatial and temporal
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distribution of cloud cover in the NEB, monthly and annually, from 2000 to 2019 period to answer the
following questions: (i) is there a spatial and temporal pattern in cloud cover distribution over NEB?; and (ii)
is there a pattern between estimates of cloud cover in relation to the amount of rainfall, once clouds play an
important role on controlling precipitation?

For this purpose, it was used the MODO9GA product dataset from the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor, currently onboard Terra and Aqua platforms, with large swath view and
polar orbit that provides daily images (JUSTICE et al., 2002; KRAATZ; KHANBILVARDI; ROMANOV,
2017) to answer the question (i). For comparative purposes, the datasets from Landsat-8/Operational Land
Imager (OLI) and Sentinel-2A and -2B/ MultiSpectral Instrument (MSI) were used. To answer the question
(i1), rainfall data recorded by the Tropical Rainfall Measuring Mission (TRMM) satellite was used.

In summary, the following content of this article is divided into four sections. Section 2 provides a
general description of the study area. In Section 3 are presented the dataset and methodological approach
adopted to achieve the objectives. Section 4 presents the results and discussion, and also a brief perspective
related to platforms/sensors and methods to improve the availability of images for mapping and monitoring in
remote sensing applications. Finally, Section 5 presents the conclusions. This paper is an extended version of
Dutra et al. (2019), presented in IX Brazilian Symposium on Geolnformatics (GEOINFO 2019).

2 STUDY AREA

The study area corresponded to the Northeast region of Brazil (NEB), situated in the equatorial zone
bounded by latitudes 1° N to 18° S and longitudes 33° W to 49° W (Figure 1). This area comprises
approximately 1.55 million km? (~18.27%) of the national territory, which includes the states of Alagoas,
Bahia, Ceara, Maranhdo, Paraiba, Pernambuco, Piaui, Rio Grande do Norte and Sergipe (IBGE, 2016). Four
biomes encompass the region: Amazon (Am) and Atlantic Forest (At) (tropical rainforests; 7.36% and 10.71%
respectively, of NEB), Caatinga (Ca) (seasonally dry tropical savanna, 52.52%), and Cerrado (Ce) (tropical
savanna, 29.41%).

The NEB is characterized by a heterogeneous and diversity landscape, hosting an impressive fauna
and floristic biodiversity (DE ALBUQUERQUE et al., 2012). In addition, the region has a potential of
agricultural production, for example, 57% of the territory was quantified as pasture and cropland in 2010
(VIEIRA et al., 2013). However, the pressure over protected areas, inadequate management, deforestation and
forest degradation ally to decrease of precipitation bring negative outcomes as the habitat loss and biodiversity
reduction, and also very large disturbed areas undergoing desertification event (SANO et al., 2010; de
ALBUQUERQUE et al., 2012).

The spatio-temporal distribution of rainfall is characterized as variable and irregular (CUNHA;
ALVALA; NOBRE, 2015) and the annual total accumulated ranges approximately between 2000 mm/year
and 700 mm/year among the biomes, being most rainfall caused by low clouds (Figure 1) (KOUSKY, 1979;
ALVARES et al., 2013, PALHARINI; SANTOS; VILA, 2017). The high rainfall variability is induced by
different meteorological systems acting in this region, also breezes, winds, and topography influences
(MOLION; BERNARDO, 2002).

Figure 1 shows the location of NEB in South America (inset figure), also the four biomes which
encompass the region corresponding to Amazon (green), Atlantic Forest (light green), Caatinga (yellow), and
Cerrado (orange), including the nine states. Figure 1 also indicates the annual total accumulated rainfall for
each biome, being the maximum total accumulated observed in Amazon and the minimum total accumulated
observed in Caatinga.
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Figure 1 — Location of the Northeast region of Brazil, with four biomes: Amazon, Atlantic Forest, Caatinga and
Cerrado, characterized by different rainfall ranges.
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3 MATERIALS AND METHODS

This section presents the description of the datasets of MODIS sensor and TRMM satellite comprising
the entire time series under study (2000 to 2019) at NEB, as well as the datasets from the OLI and MSI sensors
used as a comparison in 2019 year. In addition, the methodology used in data processing and analysis to answer
questions (i) and (ii) is presented.

3.1 Data description
3.1.1 QUALITY ASSURANCE MODIS DATA

The MODIS sensor offers several ready-to-use products such as surface reflectance, surface
temperature, net primary productivity and vegetation indices (BORGES; SANO, 2014). Among the products,
the MODO9GA - version 006 provides daily surface reflectance images at 500-meter spatial resolution, with
atmospheric and geometric corrections considering the nadir adjustment to avoid distortion due to data
compression. This dataset includes seven spectral bands, which are located in the visible, near-infrared, and
middle-infrared wavelength regions. In addition, the product provides a quality band containing information
pixel-by-pixel on the conditions of the data produced (DIDAN et al., 2015; VERMOTE; WOLFE, 2015). This
band is denominated Quality Assurance (QA), available in MODIS products, developed and implemented to
verify the quality of the long-term surface reflectance data records (ROY et al., 2002).

The QA band on MODIS products is presented in numeric values (bits), which can only assume binary
values, i.e. 0 and 1. They are meant as a brief summary of quality control aspects of each pixel, with ‘QA =
00’ meaning the best possible atmospheric correction, i.e. a clear pixel, and any other value indicates errors or
problems, e.g. cloudy and mixed pixels, serving as a flag to check others quality reasons than clouds and
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shadow in more detail (VERMOTE; WOLFE, 2015). Used effectively, the QA band support to improve the
analysis or selection data purposes, being as a mask to remove non ideal quality pixels in remote sensing
applications, once the results might not show the true surface characteristics if such pixels were included
(BRANDT et al., 2016; ROY et al., 2019).

In this work, all daily QA band from MODO09GA product was acquired for the period from 2000 to
2019, covering the entire NEB which corresponds to the area covered by MODIS land tiles H13V10, H13V09,
H14V10 and H14V09 (WOLFE; ROY; VERMOTE, 1998). This dataset was chosen due to its temporal
resolution that increases the probability of finding pixels without clouds, providing a general distribution in
the NEB. All dataset was accessed and processed on Google Earth Engine (GEE) platform (GORELICK et al.,
2017).

3.1.2 TROPICAL RAINFALL MEASURING MISSION DATA

To answer the question about the patterns between estimates of quality data in relation to the amount
of rainfall in the NEB, data derived from the Tropical Rainfall Measuring Mission (TRMM) satellite product
3B43-V7, were obtained for the same period of this study. This product is available at a 0.25 degrees
(approximately 27.5 x 27.5 km or 760 km?) spatial resolution, covering the globe between latitudes 50° N to
50° S, and distributed in HDF format — Hierarchical Data Format (TRMM, 2011).

The dataset provides rainfall estimates in millimeters per hour for each pixel, in a monthly temporal
resolution. This dataset was chosen due to its temporal resolution, and validations performed for the NEB
showed a significant high correlation (> 0.75) and agreement between the data estimated by the product and
those observed in the field by rainfall gauges (SANTOS et al., 2015; SOARES; PAZ; PICCILLI, 2016). All
datasets were accessed in NASA Services Website (https://giovanni.gsfc.nasa.gov/giovanni/) (ACKER,;
LEPTOUKH, 2007) and processed on RStudio under R programming language (Team R, 2015; R Core Team,
2020).

3.1.3 AUXILIARY DATA

For comparative purposes, a free available Landsat-8 OLI and Sentinel-2 (both 2A and 2B satellites)
MSI datasets were used due to their higher spatial resolution compared with MODIS dataset, and also
differences in the temporal resolutions.

The Landsat-8 OLI has nine reflective wavelength bands distributed in the visible, near and middle
infrared regions, provided in 30-meter spatial resolution and a 16-day temporal resolution (ROY et al., 2019).
The Sentinel-2 MSI has 13 reflective wavelength bands distributed in the visible, near and middle infrared
regions provided mostly in 10-meters or 20-meters spatial resolutions, and a global average revisit interval of
~4-days when both satellites are combined (DRUSCH et al., 2012; LI; ROY, 2017). Both products have a QA
band implemented.

In this work, OLI and MSI datasets were acquired only for the 2019 year covering the NEB, once
products have differences in time-series due to the launched year of each satellite. The datasets were also
accessed and processed on GEE platform.

3.2 Methodology

Considering that the QA MODIS description is provided in bits (totalizing 16-bits), and the pixel
values in the QA MODIS band is represented in decimal values, it required a translation into binary form to
be used effectively (Figure 2). Each bits group provides parameters of quality status. In this case, the first two
bits from right to left (highlighted in red in Figure 2), for example, are related to the parameters of cloud status
and provide four different binary combinations (00, 01, 10, and 11) corresponding to a pixel quality. The first
three combinations can be described as good quality, cloudy, and mixed pixels, and the fourth combination is
the non-produced pixels due to other reasons than clouds (Table 1) (VERMOTE; WOLFE, 2015). Then, only
the first three combinations were selected for this study, disregarding the non-produced pixels.
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The mentioned binary combinations allowed to account the number of pixels described as in clear,
cloudy, and mixed conditions and then, to calculate the average for each quality condition per month and year.
The average was calculated considering the number of days per month, in leap and non-leap years, and also
considering that available MODIS images started in March 2000. To represent the results numerically in a
plot, a unique average value considering the total spatial extension of each biome was extracted. In this manner,
the discussion was divided into four regions, corresponding to the Amazon, Atlantic Forest, Caatinga, and
Cerrado biomes to answer the question (i).

The same methodological approach was also applied in the QA bands from Landsat-8 and Sentinel-2
datasets, but only extracting the binary combination described as a clear condition for comparison purposes.
In this manner, the QA bands from both satellites were used to account the number of cloud-free observations
in the year. Finally, surface reflectance images provided by MODIS, OLI, and MSI sensors in a sample area
located in NEB (bounded by latitudes 13° N to 14° S and longitudes 39° W to 40° W) were used to demonstrate
the application of the QA bands as a cloud bitmask and the differences to detect clouds between products.

Figure 2 — Example of one-pixel value in the QA MODIS band and the selection of correspondent binary combination
related to cloud status.
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Source: The authors (2020).

Table 1 — Image parameter of quality data and their respective description.

Bit Parameter Binary Combinations Description
00 Produced with good quality (clear)
0.1 Cloud status 01 All cloudy
bits 10 Mixed with clouds

11 Not produced due to the reasons other than clouds
Source: Didan et al. (2015).

Related to TRMM dataset, millimeters per hour (mm/hour) values were multiplied by the number of
hours each month, considering leap and non-leap years, to obtain monthly total accumulated rainfall estimates
(mm/month) pixel-by-pixel. Then, from this result, the rainfall average by month and year was calculated
considering the time-series under study (2000 to 2019). Finally, to answer the question (ii), a unique average
value considering the total spatial extension of each biome was extracted aiming to plot numerically the results
with QA MODIS by month and year.

4 RESULTS AND DISCUSSION

Considering the time-series from 2000 to 2019 of the QA MODIS band, the average of clear images
observations is approximately 16, 19, 35 and 41%, in Amazon, Atlantic Forest, Caatinga and Cerrado biomes,
respectively (Table 2) in the NEB. In other words, the Amazon and Atlantic Forest biomes had more than 60%
of the image pixels classified as cloudy and mixed conditions by the QA MODIS, representing less than ~67
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days of clear image pixels during the year, being the regions most affected by cloud cover. The increasing in
clouds in coastal regions, as observed e.g. encompassing the Atlantic Forest, could be explained by the fact
that winds are generally perpendicular to the coast and carry a lot of moisture from the ocean to the continent,
contributing to the formation of shallow clouds (PALHARINI; SANTOS; VILA, 2017). On the other hand,
the lowest cloud cover could be observed over central and west regions, where are located the Caatinga and
Cerrado biomes, achieving ~127 daily images/year in clear condition in both biomes.

Table 2 — Average annual and standard deviation percentages of pixel quality condition in relation to cloud status: 2000-

2019,
. Average annual and standard deviation of pixel quality condition (%0)
Biome i
Clear Cloudy Mixed
Amazon 15.62 +2.38 57.80 £ 3.04 10.45+0.94
Atlantic Forest 18.97 + 1.97 58.70 £ 3.32 10.78 £ 0.96
Caatinga 35.47 £3.20 43.39 £3.28 8.30+£0.43
Cerrado 40.97 £ 3.37 39.02 +£3.04 7.08+0.44

Source: The authors (2020).

Figures 3 and 4 show the comparison between the annual average of the QA MODIS and the annual
average rainfall estimates. It was observed a slight decrease in the average of days described as cloudy pixel
when also there was a decrease in the average of rainfall. In years identified with negative rainfall anomalies
characterized by a moderate El Nifio event in 2009/2010 at the Amazon (ARAGAO et al., 2018), for example,
the average of image pixels described as in clear condition was higher (~18%) when compared to 2000/2001
year characterized by a La Nifia event (~11%) (Figure 3a). This pattern is also observed in the others biomes,
with the highest average of clear image pixels at Atlantic Forest (~22%), Caatinga (~39%) and Cerrado (~44%)
biomes in the very strong 2015/2016 EI Nifio event compared to the whole period analyzed (Figures 3b, 4a,
and 4b). However, there is no clear evidence of this pattern in all rainfall anomalies years.

Figure 3 — Annual average of QA MODIS and annual average rainfall estimates, from 2000 to 2019 years,
encompassing the Amazon and Atlantic Forest biomes.
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Source: The authors (2020).
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Figure 4 — Annual average of QA MODIS and annual average rainfall estimates, from 2000 to 2019 years,
encompassing the Caatinga and Cerrado biomes.
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Source: The authors (2020).

Figure 5 shows the comparison between the monthly average of the QA MODIS and the monthly
average rainfall estimates. The Amazon, the biome with the lowest availability, on average, of clear images
pixel (5 images/month), presents also the highest average of rainfall (~147 mm/month) (Figure 5a).
Conversely, Caatinga presents the lowest average rainfall (~65 mm/month) and is the second biome with the
highest availability of clear images pixel (11 images/month on average) (Figure 5c). The Atlantic Forest
showed an average of 6 images/month per pixel in clear conditions and an average in rainfall of 88 mm/month
(Figure 5b), while the Cerrado showed an average of 12 images/month per pixel in clear conditions with an
average in rainfall of 98 mm/month (Figure 5d).

The highest average of mixed and cloudy conditions follows the trend of increasing monthly rainfall,
i.e. mostly the beginning and end of the year, during the wet season. Conversely, the highest amount of clear
condition is most predominant from May to October in Amazon (Figure 5a), Caatinga (Figure 5¢) and Cerrado
(Figure 5d) during the dry season. On average, only 2 images/month per pixel in clear conditions is available
in the Amazon during the peak of the wet season, increased to 9 images/month in the driest month. Also in this
sense, increases of 6 to 14 images/month in the Caatinga biome, and 6 to 21 images/month in the Cerrado
biome was observed. No distinguished patterns within the Atlantic Forest biome were observed, presenting an
average of 6 images/month per pixel in clear condition during the year. (Figure 5b).

In relation to the patterns between QA MODIS and rainfall analysis, it is important to notice that
uncertainties may be associated with the heterogeneity of the landscape within a 250-kmz2 cell of the MODIS
product and within 760-km2 cell of the TRMM product. The lower spatial resolution and the higher differences
between both datasets may not detect slightly environmental changes, either overestimate or underestimate the
rainfall amount.
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Figure 5 — Monthly average of QA MODIS and monthly average rainfall estimates, from 2000 to 2019 years,
encompassing the four biomes.
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Source: The authors (2020).

Figure 6 shows the monthly spatial and temporal variability of pixels considered as a clear condition in
the entire period of study. The wettest part of the year, comprising the months of December through April, is
characterized by the most problematic time period, with the lower percentage of clear acquisitions by MODIS
for a largely area in NEB. The most affected region is founded in the Amazon and Atlantic Forest, especially
in the states of Maranhdo, Piaui and Ceara, with a minimal area covering more than 20% and less of 40%
observations (representing less than 146 images by year). In Caatinga and Cerrado, only a minimal area
encompassing the biomes present more than 40% of clear observations. In the months of June, July, August,
and September is observed the increase in the availability of better-quality data for the entire region, being the
better suited for obtaining orbital imagery from optical sensors. In particular, the western boundaries of NEB
experienced a percentage of 80 — 100% of clear conditions (July and August), in a well-established agricultural
producer region in the Bahia State, and the south of Piaui and Maranhdo States, the most recent agricultural
expansion in Brazil inserted on the agricultural frontier locally known as the MATOPIBA (acronym of
Maranhdo, Tocatins, Piaui, and Bahia States).

Many activities in NEB need to be monitored due to the impact on landscape fragmentation, soil
erosion, water resources, loss of biodiversity, agricultural management, disaster response, ecological process
as vegetation phenology, and changes in the storage and flow of carbon emissions. In this manner, numerous
studies and efforts have documented the need for more frequent observations associated with better medium
spatial resolution for better monitoring studies (SANO et al., 2007; CLAVERIE et al., 2018).

However, currently high and medium spatial resolution sensor products may be limited by the lower
frequency of revisit (HILKER et al., 2009; LI et al., 2017), decreasing the potential for using a “single class”
sensor. For example, Landsat sensors can have a maximum of 23 observations in a year, while up to 70 from
the Sentinel-2A and 2B satellites sensor, disregarding overlaps (PARENTE et al., 2019; CASSOL et al., 2020).
Nonetheless, considering the temporal distribution of cloud and cloud shadow cover, not all these observations
may be available as valid with clear condition.
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Figure 6 — Monthly average of the spatial distribution of images described as clear condition by QA MODIS from 2000
to 2019 in percentage and approximate number of scenes.
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Figure 7 provides the spatial and temporal distribution of the cloud—free and cloud shadow-free images
pixels over the NEB in 2019 year from Landsat-8 OLI (Figure 7a) and Sentinel-2 MSI (Figure 7b) observations
using the data provided by the quality assurance of both products. It was observed the same patterns of the QA
MODIS dataset, with less valid observations encompassing the Amazon and Atlantic Forest biomes. In these
regions, less than ten images from OLI were available during the year, while a substantial increase from
Sentinel-2 satellites was noted. Comprising the Amazon, Asner (2001) founded an annual probability of less
than 10% in cloud-free images from Landsat, and the availability of data could not be sufficiently for
monitoring studies.

In the central region of NEB, comprising the Caatinga and Cerrado biomes, there is an increase of
available images in valid conditions, up to ten images/year from OLI, and up to fifty images/year from MSI
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sensor. However, the probability to find Landsat imagery containing less than 10% of cloud cover decreases
during the wettest period in the regions covering Cerrado biome (SANO et al., 2007).

Figure 7 — Annual spatial and temporal distribution of images described as valid condition by QA Landsat-8 OLI (a)
and Sentinel-2A and -2B MSI (b) in 2019 year, in percentage and approximate number of scenes.
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The valid dataset of the proposed study was based on the implemented quality assurance algorithm for
each product. Nonetheless, it means that the algorithms do not perform with equal accuracies (Figure 8). For
example, the current Sentinel QA data as cloud bitmask product still performs poorly to detect cloud and cloud
shadow (COLLUZZI et al., 2018) (Figure 7¢), resulting in overestimates of valid pixels in the present analysis,
while the Landsat algorithm fits well (Figure 7b).

Figure 8 — QA bands used as a bitmask to remove cloud and cloud shadow in surface reflectance images of MODIS (a),
Landsat (b), and Sentinel-2 (c), considering the closest date between images.
MODIS 2019-01-26 Landsat-8 2019-01-16 Sentinel-2 2019-01-26
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Source: The authors (2020).
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4.1 Perspectives for mapping and monitoring studies

Highlighting the efforts and demands for land monitoring, deforestation ranking estimates in the
Atlantic Forest by the SOSMA (2020) shows that the Bahia State occupies the first place in this deforestation
ranking between 2016/2017 period. In addition, the 2017/2018 period reveals that between the five states those
still maintaining unacceptable rates of deforestation, two encompasses in NEB: Piaui (2,100 ha of
deforestation) and Bahia (1,985 ha) States. Non-less aggravating, in Cerrado biome the DETER system
(corresponding to may/2020 observation), pointed that the five most deforested municipalities are in NEB:
Balsas/Maranhdo (174 Km?), Formosa do Rio Preto/Bahia (166 Km?2), Luis Eduardo Magalhdes/Bahia (74
km?), Jaborandi/Bahia (71 km?2), and S&o Desidério/Bahia (69 km2) (ASSIS et al., 2019; INPE, 2020). In these
operational systems, two satellite datasets are considered to map the Atlantic Forest and Cerrado biomes as
cited in section 1. Updated official deforestation estimates were not found for the Caatinga biome.

In this manner, the existing systems cited above show the importance to establish monitoring efforts
to know the extension and rates of LULC changes, for example. To achieve these goals with remote sensing
requires cloud-free images frequently, being highly recommended to know, a priori, the spatial and temporal
distribution of cloud cover derived from satellite images to subsidize the planning of land monitoring.

Then, as alternative to improve temporal availability of images from orbital sensors, the increasing
number of Earth observation satellites providing free imagery and the increased availability of cloud
computing environments (e.g. GEE, Amazon Web Services) that provide on up-to-date processing and
analysis, has been allowing researchers to develop capabilities for working with a large volume datasets, also
combining data from two or more different sensors (LI; ROY, 2017; CLAVERIE et al., 2018; ROY et al.,
2019). Moreover, potential alternatives including the synergisms development between the synthetic aperture
radar (SAR) and multiple optical platforms/sensors has been conduct and should be considered in the NEB
studies.

5 CONCLUSIONS

The spatial and temporal patterns of cloud cover based on the QA MODIS daily imagery dataset over the
Northeast region of Brazil was investigated in this study. The dataset provides the estimation of clear, cloudy
and mixed conditions per pixel, during the period from 2000 to 2019. The results showed that the Amazon and
Atlantic Forest biomes are the most strongly regions affected by clouds, with more than 60% of images
classified as cloudy and mixed, while Caatinga and Cerrado biomes are less affected, with less than 45% of
images. The most favorable months for the acquisition of optical sensor in orbital images were from May to
October, characterized by the dry season, especially in Cerrado biome. The wet season (November — April)
affects directly the image acquisitions, reducing to most than a half of cloud-free images in the Amazon,
Caatinga, and Cerrado biomes.

Although the spatial resolution of the MODO9GA product is low, the daily temporal resolution increases
the probability of finding pixels without the incidence of clouds, providing a general distribution in the NEB.
Efforts that require more frequent observations and higher spatial resolutions for better land cover monitoring,
may be restricted using a single-class sensor dataset (e.g. Landsat), once the lower temporal resolution the
lower probability of finding cloud-free images. In this manner, independently of the sensor used, it is highly
recommended to know, a priori, the spatial and temporal distribution of cloud cover derived from orbital
images of the study area in order to plan monitoring efforts.
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